[1] Mud volcanoes sometimes respond to earthquakes, but the mechanisms by which earthquakes trigger changes in ongoing eruptions or initiate new eruptions are not completely understood. We measured gas discharge at a field of mud volcanoes near the Salton Sea, southern California, before and after the 4 April 2010 El Mayor-Cucapah earthquake and observed an increase in gas flux immediately following the earthquake and a subsequent recovery to pre-earthquake values. This earthquake-eruption pair is of particular interest because the earthquake produced large strains, up to 1.2%, near the mud volcano location, allowing us to test two competing triggering mechanisms: (1) shakinginduced bubble mobilization and (2) permeability enhancement. We measured the rheology of erupted mud from the mud volcanoes to quantify the importance of mechanism 1 and found that this mechanism is unlikely to be important. We therefore favor the explanation that the increased gas flux was caused by a transient increase in permeability.
Introduction
[2] Earthquakes induce a wide range of hydrologic responses including water level changes in wells, changes in spring discharge and stream flow [e.g., Muir-Wood and King, 1993] , changes in permeability [e.g., Elkhoury et al., 2006] , and changes in the interval between eruptions of geysers [e.g., Husen et al., 2004] . Mud volcanoes also respond to earthquakes [e.g., Mellors et al., 2007] , and their responses may have hydrologic origins. Although hydrologic responses to earthquakes have been well documented for thousands of years, the mechanisms responsible for the responses and their possible relationship to triggering processes remain, in general, not well understood.
[3] Lynch and Hudnut [2008] describe a system of mud volcanoes, mound springs, and mud pots in the Imperial Valley, California, which are the focus of this study. The Imperial Valley mud volcanoes, located at the intersection of Davis and Schrimpf roads near Niland, California, are particularly interesting in that they lie on the southeastern extension of the San Andreas Fault (Figure 1 ) and thus their behavior might provide some insight into fault zone permeability. The response of the small, natural, Imperial Valley mud volcanoes to earthquakes may also provide some insight into the response of larger mud volcanoes that have responded to earthquakes in the past [e.g., Chigira and Tanaka, 1997; Mellors et al., 2007; Bonini, 2009a; Manga and Brodsky, 2006] .
[4] We carried out field work in the Imperial Valley on 13 March 2010 , 21 March 2010 , 6 April 2010 , and 12 May 2010 . The timing of the 4 April 2010 M W 7.2 El MayorCucapah event was serendipitous in that we were able to make measurements in a short period of time both before and after the event. During each field campaign, we measured temperature in mud volcanoes and surrounding springs and gas seeps, measured gas discharge where possible, documented the presence of fresh eruptive deposits, and sampled mud for rheological measurements. Our field observations indicate that there was a postseismic increase in gas discharge and eruptive activity at the mud volcanoes. Theory, laboratory measurements of mud rheology, and field observations indicate that transient permeability enhancement is the most plausible mechanism to explain the changes in eruptive activity.
Background

Davis-Schrimpf Mud Volcanoes
[5] Kopf [2002] defines a mud volcano as a surface expression of mud that originated at depth. The DavisSchrimpf mud volcanoes are pictured in Figure 2 . The small stature of the mud volcanoes in the Imperial Valley (less then 5 m) categorizes them as "mud lumps" [Kopf, 2002] and Svensen et al. [2009] have labeled them "hydrothermal seeps," in part because there is very little net exhumation of mud from the subsurface. We will nevertheless continue to refer to these constructional, steep-flanked features as mud volcanoes, and note that Bonini [2009b] used the same terminology to describe morphologically similar features in the northern Apennines.
[6] The Davis-Schrimpf mud volcanoes considered here are surface expressions of the Salton Sea Geothermal System (SSGS), an area of active geothermal power production [Bertani, 2005] and past commercial CO 2 extraction [Muffler and White, 1969] . The near-surface geotherm in the SSGS is exceptionally steep. Helgeson [1968] reported temperatures as high as 300°C at 3000 ft (914 m), and heat flow in the area can reach 1200 mW m −2 [Elders and Sass, 1988] . The temperature profile through the SSGS reservoir is isothermal, owing to convection. Williams and McKibben [1989] suggest that the intersection between near-surface conductive and deeper convective geotherms results from a stably stratified brine interface rather than a lithologic (permeability) contrast, the interpretation favored by previous authors [e.g., Helgeson, 1968; Younker et al., 1982; Randall, 1974] . The SSGS is contained within a 6000 m thick sequence of sedimentary rocks, the uppermost ∼200 m of which is composed of unconsolidated lacustrine and Colorado River deltaic sediments [Younker et al., 1982] . These sediments are underlain by evaporite deposits. The near-surface strata appear to be the source of the erupting mud, whereas the CO 2 is believed to come from greater depths [Robinson et al., 1976; Svensen et al., 2007] , where it is produced through metamorphic decarbonation reactions at temperatures of at least 125°C [Muffler and White, 1969] . The details of the subsurface gas and mud plumbing system are not fully understood, but two possible configurations based on Svensen et al. [2009] are depicted in Figure 3 . Regardless of its depth of production, CO 2 is present at shallower depths; Kelley and Soske [1936] note that CO 2 extraction wells were drilled in the late 1920s to a producing horizon between 400 and 500 ft (123 and 152 m) where pressures were between 200 and 300 psi (1.4-2.1 MPa), somewhat in excess of hydrostatic pressure at these depths.
[7] Sturz et al. [1992] visited the Davis-Schrimpf mud volcanoes in 1985, 1991, and 1992 and measured mud temperatures between 18 and 32°C and mud composition (45-70% smectite, 20-35% illite, 10-20% kaolinite Svensen et al. [2009] was 37.3°C, the highest recorded temperature was 69.7°C, and the standard deviations were 4.0 and 6.4°C for the two features instrumented. There were no earthquakes of sufficient size during the deployment of Svensen et al. [2009] to produce changes in temperature at the mud volcanoes. Although the temperatures measured by Sturz et al. [1992] are remarkably lower than those measured by Svensen et al. [2009] , we cannot speculate as to whether there was a general trend in the mud volcanoes' temperature between 1992 and 2006. 
Response to Earthquakes
[8] Like other hydrologic features, mud volcanoes sometimes respond to earthquakes. Mellors et al. [2007] found that large mud volcano eruptions in Azerbaijan occur in the two days following a major earthquake more often than would be expected by chance. Bonini [2009a] identified several earthquake-eruption pairs among documented eruptions of Sicilian mud volcanoes. Mud volcanoes (solfataras) very similar in appearance to the Davis-Schrimpf mud volcanoes near Volcano Lake, Mexico and associated with the Cerro Prieto geothermal field [Randall, 1974] responded to the 1915 Imperial Valley earthquake [Beal, 1915] and to the 29 November 1852 Fort Yuma event [Townley and Allen, 1939] . The response of these mud volcanoes to shaking was accompanied by other dramatic hydrologic responses. The 1852 Fort Yuma event triggered the eruption of a geyser near Volcano Lake whose plume reportedly reached an elevation of 800-1000 ft (244-205 m) [Balderman et al., 1978] .
El Mayor-Cucapah Earthquake
[9] The 4 April 2010 El Mayor-Cucapah earthquake occurred on the Laguna Salada fault system in northern Mexico. Rupture propagated unilaterally northeastward to a terminus near the Mexico-California border, producing enhanced shaking in the Salton Trough . The event accommodated both east-down and right-lateral slip along the Pacific-North American plate boundary. The earthquake was accompanied by extensive surface rupture and liquefaction was widespread in the near field [King et al., 2010; Pridmore et al., 2010] . Well-level responses were common throughout the western United States (Figure 4 ).
Methods
[10] We measured temperature at each of the mud volcanoes using a thermistor and gas discharge using a funnel (22 cm diameter) connected to Cole-Parer gas flow meters. The stated accuracy of the flow meters is ±5% and repeatability is ±0.5%. We used the same equipment and employed the same division of labor (placing funnel, taking measurements) on each field trip. Our best estimate of the human error associated with reading the gas flow meters is ±0.5 LPM for measured fluxes less than or equal to 10 LPM and ±5 LPM for fluxes greater than 10 LPM.
[11] We used a Haake Rheoscope-1 cone-plate rheometer to characterize the material properties of mud collected from the vents of four of the Davis-Schrimpf mud volcanoes. The cone has a diameter of 60 mm with a bevel angle of 4°and a minimum gap thickness of 139 mm, larger than the particle size of the mud ( Figure 5 ). The mud was stored in two layers of gas-impermeable plastic bag between sample collection and analysis to minimize desiccation and refrigerated to retard any chemical reactions. We measured the response of mud under steady shear and oscillatory shear. In the steady shear experiments, we loaded the mud samples, measured yield strength and measured the applied stress as a function of strain rate. We measured yield strength using a method suggested by Dubash and Frigaard [2007] , whereby constant stress was applied for 120 s and the total strain at the end of this period was recorded. In the oscillatory shear experiments, we loaded the samples, presheared them for 10 s at a strain rate of 1 s −1 , and then deformed them under oscillatory shear at fixed frequencies of 0.2, 1.0, and 10 Hz while controlling strain amplitude between 10 −4 and 10 −2 . These strain amplitudes and frequencies are comparable to those imposed by earthquakes, discussed later and shown in Figure 6 . For each data point in the oscillatory shear experiments, the sample was presheared for three cycles and then measurements were averaged over five cycles. The oscillatory strain experiments allow us to measure the storage and loss moduli of the mud, assuming that it behaves as a Maxwell viscoelastic material. We also retained the raw data for stress and strain as a function of time, which allowed us to confirm that the Maxwell model was appropriate. The equipment and methodology used here is identical to that used by Sumita and Manga [2008] and was also used to characterize mud erupted from the Sidoarjo mudflow in Indonesia .
[12] We obtained waveforms for the El Mayor-Cucapah event at the Wildlife Liquefaction Array (WLA, location indicated by green triangle in Figure 1) , which, at 12.3 km, is the closest strong motion seismometer to the Davis-Schrimpf location. Waveforms ( Figure 6 ) were obtained from IRIS for two accelerometers at the WLA site: a borehole instrument at a depth of 100 m and a surface instrument. We removed the mean from, detrended, and then integrated the seismograms to obtain displacement time series. We applied a high-pass filter with a pass band above 0.02 Hz to remove spurious long-period signals. Shear strain can be approximated from peak ground velocity using the empirical relationship g ∼ (PGV)/V S or from peak ground acceleration using g ∼ 1.2z(PGA)/V S 2 . Assuming V S = 500 m s −1 (typical of unconsolidated sediments), both of these scaling relations yield estimates for g on the order of 1%. We also computed displacement gradients (∂u Radial /∂z and ∂u Tangential /∂z) directly using the surface and 100 m depth records and found a peak shear strain of 1.2% (Figure 6 ), in good agreement with the scaling relationships. Displacement gradients computed with this method place a lower bound on the true displacement gradient.
[13] We used Coulomb version 3.1.09 [Lin and Stein, 2004; Toda et al., 2005] to calculate volumetric strain associated with the earthquake using the moment tensor solution from the Global CMT Project's catalog (globalcmt.org) [Dziewonski et al., 1981] and fault geometry from the empirical scaling of Wells and Coppersmith [1994] .
[14] The United States Geological Survey (USGS) maintains monitoring stations for ground water table in several locations, mostly near major cities, in the western United States. We compiled all of the well water level data for Arizona, California, Colorado, Idaho, Montana, Nevada, Oregon, Utah, and Washington and searched manually for a response coincident in time with the El Mayor-Cucapah event. Of the 154 records obtained, 63 showed a response (well locations and responses shown in Figure 4 ). Most of the wells have a sampling interval of 15 min except for several that record only twice per hour. The most distant well that showed a response was 1749 km from the epicenter. Water level records are sorted bottom to top in order of increasing epicentral distance, and color indicates whether the well experienced contraction (blue) or expansion (red). Darker colors indicate a record that showed a decrease in water level (increase in distance below surface), and lighter colors indicate an increase in water level. There does not appear to be a correlation between the sign of the volumetric strain and the sign of the change in water level.
Results
Field Measurements
per measurement was 7.0 liters per minute (LPM), 7.6 LPM, 12.5 LPM, and 9.5 LPM, respectively, with standard deviations of 2 LPM, 1.35 LPM, 5.3 LPM, and 3.3 LPM, respectively. Figure 7 is a compilation of our gas flux measurements (tabulated in the auxiliary material), showing increased gas flux on 6 April 2010. 1 The increase in gas flux is the most robust evidence for a postseismic response at the mud volcanoes. The pathways through which gas escapes appear to be stable over the time period of our study, although this is clearly not the case over year-to-decadal time scales [Sturz et al., 1992] . Estimating the total change in gas flux following the earthquake is difficult because some gas discharge locations became dangerous or otherwise inaccessible due to the changing depth of pools and reconfiguration of crater rim material. Therefore, we believe that the change in average discharge per measurement site is the best proxy for increased gas flux.
[16] We measured temperature at 14 mud volcano vents on 13 March 2010, 7 on 20 March 2010, 16 on 6 April 2010, and 12 on 12 May 2010. The average temperatures were 44.0°, 56°, 46.6°, and 56.9°with standard deviations of 11.0°, 5.6°, 11.8°, and 8.6°. Figure 7 is a compilation of all of the temperature measurements, which are also available in the auxiliary material. There is no discernible postseismic temperature response and all of the values measured are within 3°of the range documented by Svensen et al. [2009] and Sturz et al. [1992] .
[17] In addition to the quantitative measures of gas flux and temperature, we also noted the number of fresh flow features. We can roughly constrain the age of surface flows based on appearance; Flows that were active on 13 March 2010 and inactive on 20 March 2010 no longer had moist surfaces. We observed four fresh flows on 13 March 2010, four on 20 March 2010, eight on 6 April 2010, and five on 12 May 2010. The flows observed on 6 April 2010 included one that had erupted from a new vent, at which we also measured a gas flux of 22 LPM, more than twice the largest pre-earthquake value at any vent. This vent was extinct on 12 May 2010, with no measurable or audible gas flux.
Laboratory Measurements
[18] We had the grain size distribution in five of our samples measured using a CILAS 1190LD trilaser particle size analyzer. We chose three samples from the same crater of mud volcano 12 (Figure 1 ), collected on 13 March 2010, 20 March 2010, and 6 April 2010 and two atypical samples, one from a very low viscosity pool on 6 April 2010 and a second from the interior of a large, fresh mud flow on 6 April 2010. The samples were placed in an ultrasonicator for 60 s prior to measurement and were ultrasonicated continuously during measurement to minimize agglomeration. The grain size distribution, shown in Figure 5 , was very consistent among the mud volcanoes. The average 50th percentile particle diameter is 24.31 mm and the peak of the grain size distribution is consistently about 50 mm among all of the samples. We measured the water content of each of the samples for which we analyzed grain size. The large, fresh Figure 1 . The vertical dashed line indicates the time at which the El Mayor-Cucapah event occurred. Repeated glyphs on a given day indicate that there were multiple active vents on the mud volcano, and each glyph corresponds to a measurement made at one of the vents. The mean gas flux increased by about 70%, and the maximum gas flux was 150% larger than any pre-earthquake value. We cannot discern any seismic response in the temperature data. mudflow had the lowest water content, 33% by mass, the low-viscosity pool had the highest, 48%, and the mud in the craters was on average 40% water with a standard deviation of 1% among six samples.
[19] Our analyses of the erupted muds from the DavisSchrimpf mud volcanoes indicate that the mud has a yield strength of 52 Pa at 40 wt% H 2 O and 294 Pa at 33 wt% H 2 O and is shear thinning (Figure 8a ). The unidirectional shear experiments produced measurements of effective viscosity that are well approximated by the empirical relationship where m has units of Pa s and _ has units s −1 . Figure 8b shows the viscosity measurements for both samples. Under oscillatory shear, the mud experiences a reduction of strength at shear strains between 10 −3 and 10 −2 irrespective of frequency (Figure 8c ), similar to mud from the Sidoarjo mudflow .
[20] We used X-ray diffraction to measure the composition of two mud samples. We identified the minerals kaolinite, muscovite, montmorillonite, dolomite, calcite, and albite in both of the mud samples. One of the samples contained orthoclase. We were unable to measure the relative abundances of the various minerals present using this technique.
Discussion
[21] The epicenter of the El Mayor-Cucapah earthquake was 96.6 km from the mud volcano location. Figure 9 shows that this earthquake was close enough that a mud volcano response is not unexpected based on empirical magnitudedistance-triggering relationships developed for mud volcanoes and other hydrologic features [Wang and Manga, 2010] . Our field observations show that the mud volcanoes did respond to the El Mayor-Cucapah earthquake. To demonstrate statistically that a response occurred, we divide the gas flux measurements into two groups: (1) data from 6 April 2010 and (2) all other data. We wish to ascertain whether the mean or median of group 1 is significantly different from group 2. We used the Shapiro-Wilk test of normality [Shapiro et al., 1968] and found that we could reject the null hypothesis that the data is normally distributed. Because both data sets are not normally distributed, we chose to use the Mann-Whitney U test [Hollander and Wolfe, 1999, p. 125] , the result of which allows us to reject the null hypothesis that the two groups are independent samples of identical distributions with equal medians at the a = 0.01 significance level. We now turn our attention to the mechanism responsible for this response.
[22] Manga et al.
[2009] reviewed possible triggering mechanisms: (1) volumetric changes due to static stress transfer [Walter and Amelung, 2007] , (2) dilatancy [Wang et al., 2001] , (3) liquefaction [Wang, 2007] , (4) destabilization of gas hydrates [Obzhirov et al., 2004; Mau et al., 2007] , (5) mobilization of preexisting bubbles [Steinberg et al., 1989; Sahagian and Proussevitch, 1992] , (6) increasing permeability or opening fractures [Rojstaczer et al., 1995; Elkhoury et al., 2006; Wang et al., 2004a Wang et al., , 2004b Brodsky et al., 2003] , and (7) enhanced gas production. We consider mechanism 1 unlikely because the Davis-Schrimpf mud volcanoes experienced volumetric expansion in the El Mayor-Cucapah event (Figure 4 ), which we do not expect to expel pore fluids, but could enhance permeability, in which case we would treat this mechanism concurrently with mechanism 6. Furthermore, we disfavor this mechanism because the amplitude of static volumetric strain (10 −8 ) is much smaller than the amplitude of dynamic shear strain (10 −2 ) at the Davis-Schrimpf site. Mechanism 2 is not applicable in this case because the Davis-Schrimpf location is not in the near field of the El Mayor-Cucapah event. Mechanism 3 is unlikely to have occurred because liquefaction was not observed at the Wildlife Liquefaction Array [Pridmore et al., 2010] . Mechanism 4 may be immediately removed from further consideration because gas hydrates are not stable in this geologic setting.
[23] Like their magmatic cousins, mud volcanoes are driven by gas escape. Therefore it is natural to consider triggering mechanisms involving gas bubbles such as nucleation [Steinberg et al., 1982] , bubble growth [Hsieh, 1961; Sturtevant et al., 1996] , and mobilization [Sahagian and Proussevitch, 1992] . Gas bubbles trapped in a yield strength fluid may be mobilized if seismic shaking temporarily weakens the material. This mechanism was considered for earthquake triggering of the Sidoarjo mudflow but rejected due to very low strain amplitudes . However, the El Mayor-Cucapah event produced dynamic strains larger than 1% in the Imperial Valley, large enough to weaken mud (Figure 8) .
[24] In general, a bubble may rise through a yield strength fluid only if the buoyancy force resulting from its density is sufficiently large to overcome the yield strength (t y ). The measured yield strength of mud from the mud volcano craters is 52 Pa and the yield strength of mud from the low water content flow is 294 Pa. Because the mud is able to erupt and form flows of finite thickness, we expect the yield strength to limit flow thickness (h ∼ t y /(rg) ∼ 2.5 mm -1.5 cm). The measured yield strengths are qualitatively consistent with the thickness of flows that we observed in the field.
[25] Dubash and Frigaard [2004] studied the conditions necessary to arrest bubbles in a Herschel-Bulkley (nonNewtonian, yield stress) fluid. The Herschel-Bulkley rheological model was chosen specifically for application to bubbles in drilling muds. For permanently immobilized, spherical bubbles, Dubash and Frigaard [2004] give the condition t y < DrgR where Dr ∼ 2000 kg m −3 is the density difference between the bubble and fluid, g is gravitational acceleration, and R is a characteristic length scale for the bubble. We define a critical bubble as the largest bubble whose buoyancy is unable to overcome the mud's yield strength, and consider the possibility that a coseismic, transient reduction in yield strength mobilized critical bubbles. The critical bubble radius R C is between ∼2.5 mm (using the lowest measured yield strength) and 1.5 cm (assuming the highest measured yield strength). The radius of bubbles bursting in the mud volcano craters is about 10 cm. Assuming that a critical bubble conserves mass during ascent, the depth at which the critical bubble becomes mobilized can be calculated. We assume that V surf /V 0 = P 0 /P surf where the subscript 0 refers to the depth of mobilization, yielding 4 × 10 6 Pa < P 0 < 8 × 10 8 Pa, corresponding to depths between 200 m and 40 km if r = 2000 kg m −3 , implying expansion from a source region below the deltaic and lacustrine deposits. Because the mud source is believed to be in the deltaic and lacustrine deposits, we interpret the large depth of mobilization as evidence that bubble coalescence occurs during ascent.
[26] In order to quantify the time scale associated with a mud volcano response due to mobilization of bubbles, we must estimate bubble rise velocity. Mud is non-Newtonian and has a yield strength, but we can place an upper bound on the true bubble rise velocity by approximating mud as a Newtonian fluid. Bubble ascent velocity is limited not only by rheology but also by the finite width of the conduits through which bubbles rise. Bubble ascent rate through an unbounded Newtonian fluid is given by U = R 2 Drg/(3m) in the creeping (Stokes) flow regime. At Reynolds number (Re) > 0.1 it is necessary to adopt a parameterization that accounts for inertia. We use the parameterization given by Clift et al. [1978, p. 206] for terminal velocity of millimeterto decimeter-sized bubbles in a Newtonian fluid:
where = m gas /m liquid is a viscosity ratio, Ar = gr liquid DrR 3 / m 2 is an Archimedes number, and R is bubble radius. We use the best fit to our viscosity measurements (Figure 8) , given by equation (1).
[27] We approximate strain rate as _ = U/R, and assume that m gas = 1.5 × 10 −5 Pa s and r liquid = 2000 kg m −3 . We solved equation (2) numerically for various choices of R and both parameterizations of m. Figure 10 shows that ascent velocities are vanishingly small (10 −5 -10 −8 m s −1 ) for 1 cm bubbles but become large (0.1 -1 m s −1 ) for decimetersized bubbles.
[28] The time scale associated with the bubble mobilization response mechanism is strongly dependent on the choice of bubble size and assumed depth of bubbles prior to the onset of shaking, but in general can be constrained using the maximum radius of bubbles bursting at the surface (0.1 m) and the thickness of the deltaic and lacustrine deposits (200 m). We calculated bubble ascent times as a function of initial bubble size and initial bubble depth using both viscosity parameterizations and using (1) constant bubble radius and (2) allowing bubble radius to change with pressure (depth) according to V/V 0 = P 0 /P. For a given initial radius and depth, bubbles ascend most quickly when they expand and viscosity is low (Figure 10c ) and most slowly when they do not expand and viscosity is high (Figure 10b ). We use these two bounding scenarios to test the plausibility of the bubble mobilization mechanism. In Figures 10b and  10c , we have shaded in light grey the region corresponding Figure 10b assumes the most viscous, and Figure 10c the least viscous, measured rheology. In Figure 10b we assume that bubble size remains constant during ascent, and in Figure 10c we assume that bubbles conserve mass and expand in response to changing pressure. Figures 10b and 10c should be interpreted as upper and lower bounds, respectively, on the response time. The dark shaded region at the bottom of Figures 10b and 10c denotes the plausible size range of critical bubbles (defined in text), and its lack of overlap with the light shaded region disfavors the bubble mobilization response mechanism. The curve marked R 0,S indicates the size of bubble at depth that expands to a radius of 0.1 m at the surface.
to ascent times of 6 h to 5 days, representing plausible response time scales and we have shaded dark grey the region corresponding to plausible critical bubble sizes. The lack of overlap between light and dark shaded regions indicates that the mobilization of critical bubbles cannot produce an increase in gas flux over the observed response time scale.
[29] If critical bubbles become mobilized and subsequently coalesce, they will ascend more rapidly than the original critical bubbles. In Figure 10c , the dark line marked R 0,S indicates the initial radius of bubbles that expand to have a radius of 0.1 m at the surface. This curve passes through the light grey region of plausible response times, which indicates that if coalescence happens quickly, the bubble mobilization mechanism may be viable. The rate of coalescence of centimeter-sized buoyancy-driven bubbles in the Stokes flow regime was studied by Manga and Stone [1995] by solving population dynamics equations and using a coalescence rate based on laboratory experiments. The rate of coalescence of centimeter-sized bubblescan be greatly enhanced over that of spherical bubbles owing to their interaction-induced deformation [Manga and Stone, 1994] . The magnitude of deformation scales with the Bond number B = DrgR 2 /s, a measure of the relative importance of buoyancy and surface tension forces. Using a surface tension s = 7 × 10 −2 Pa m −2 and the critical bubble radii previously introduced, we compute 1.8 < B < 64. Bubbles smaller than about 4 cm rise at Re < 0.1, so the Stokes flow assumption is valid for critical and near-critical bubbles. The characteristic time scale for bubble interactions is given by t c = m/(Drgr 0 0 ) where r 0 is initial bubble radiusand 0 is initial bubble volume fraction. We adopt a range of viscosities of 10 6 -10 7 Pa s, characteristic of the viscosities seen by bubbles that are slightly larger than critical. Assuming 0 = 0.01 (a guess), we find 2 × 10 6 s < t c < 3 × 10 6 s (11.5 days < t c < 35 days). The rate of coalescence scales linearly with B. However, the mean bubble size does not increase significantly within the first t c . It thus appears unlikely that coalescence of mobilized bubbles can act quickly enough to produce bubbles sufficiently large to produce the observed response. Furthermore, the bubble coalescence model assumes that the bubbles exist in an unbounded fluid medium. Conduit boundaries limit the interactions between bubbles and hence will tend to retard bubble coalescence, so our estimate of t c should be interpreted as a lower bound.
[30] In the above calculations, we assumed that the mud in the subsurface, where bubbles might be immobilized, has the same water content as the mud erupted at the surface. There is no reason for this to be true, and the effective viscosity and yield strength of the mud at depth might vary considerably depending on the water content. Coussot and Piau [1994] measured the rheology of water-kaolinite mixtures with varying water content and found order-of-magnitude increases in viscosity when solid fraction increased from 15.4% to 27%. We measured a sixfold increase in yield strength when solid mass fraction increased from 60% to 67%. A higher viscosity at depth resulting from lower water content would increase the response time, reducing further the plausibility of the bubble mobilization response mechanism.
[31] The exceptionally slow ascent rate of critical-sized bubbles makes it unlikely that mobilization of critical or near-critical bubbles is the triggering mechanism responsible for the observed change in gas flux. Coseismic strength reduction could also increase the ascent rate of larger than critical bubbles, but the ascent rate would only increase for a short time during and after shaking. We did not observe any hysteresis in the mud samples when we performed oscillatory strain runs in immediate succession. Each of the experimental runs required about 20 min, which, if used as an upper bound on the time scale of strength recovery, cannot explain the observed increase in gas flux two days after the El Mayor-Cucapah event.
[32] Coseismic enhancement of fracture permeability by removal of blockage has been inferred in bedrock aquifers [e.g., Rojstaczer and Wolf, 1992; Rojstaczer et al., 1995; Wang et al., 2004b; Brodsky et al., 2003] and laboratory experiments [Liu and Manga, 2009 [Treiman et al., 2010] , and slip may increase fault zone permeability. If the increased gas flux was facilitated by increased fracture permeability, the permeability increase could have occurred in the SSGS reservoir, in the shallow lacustrine and deltaic deposits, or both. The time scale associated with the observed response (less than two days), together with permeability estimates and knowledge of local geology allows us to critically evaluate this mechanism. In the subsequent analysis, we assume that gas bubbles and water comprise the pore fluid in a porous aquifer, whereas when considering the bubble mobilization mechanism we assumed that gas bubbles were a discontinuous phase in a mud continuum. This assumption and the corresponding analysis are reasonable if the mud source is shallow [e.g., Svensen et al. 2009 ] and the permeability enhancement occurs below the mud source depth.
[33] Changes in permeability will result in a redistribution of pore pressure by fluid flow over a characteristic time scale t ∼ d 2 / where d is a characteristic depth and is a vertically averaged gas diffusivity in the depth interval [0,d] . The strata in the cap rock unit are essentially flat lying, so vertical permeability will be dominated by the least permeable stratigraphic layer, or by fracture permeability. Ongoing gas escape implies that there is significant vertical permeability, which we attribute to fracture permeability. We place a lower bound of 10 −6 to 10 −4 m s −1 on the hydraulic conductivity using measured hydraulic conductivities in the shallow subsurface of the WLA site [Youd et al., 2004] , consistent with intrinsic permeabilities of the types of sediment present. These hydraulic conductivity values are given for water only, but in fact the SSGS is a multiphase system with both liquid and gas present. We assume that in this system, water comprises the continuous phase. In general, the relative permeability of each phase in the system is a function of the volume fractions of each phase, capillary number of the flow, viscosity ratio of the phases, and flow history [Adler and Brenner, 1988] . In order to quantify the response time scale, we make use of the hydraulic diffusivity = K/S S where K is hydraulic conductivity and S S is the specific storage. In multiphase systems, each of these parameters is phase-specific. The hydraulic conductivity (K) and permeability (k) are related by K = krg/m. Noting that k represents only properties of the porous medium and not the fluid occupying its pores, we estimate the ratio of gas permeability to liquid permeability:
[34] Specific storage is defined as S S = r f g(a + f b) where a is the matrix compressibility, b is the fluid compressibility, and is porosity. Because gases are much more compressible than liquids, we can neglect matrix compressibility and estimate the ratio of S S,gas /S S,liq as S S;gas =S S;liq $ 10 0 kg m
[35] Therefore, we expect the ratio of diffusivities in identical single phase gas and liquid systems to be gas / liq ∼ (K gas /K liq )/(S S,gas /S S,liq ) = 10 −3 . This ratio is an upper bound on the diffusivity ratio that we would expect in a system where two phases are present and gas is the dispersed phase, since the relative permeability of the gas phase will be smaller than the permeability in a gas-only system.
[36] If we adopt standard values of 10 0 -10 3 m 2 s −1 for the hydraulic diffusivity of water in unconsolidated sediments [Roeloffs, 1996] , the corresponding gas diffusivities are 10 −3 -10 0 m 2 s −1 . The time scale associated with the postseismic gas response could be almost instantaneous or more than a year, assuming a length scale representative of the thickness of the near-surface river and lacustrine deposits, 200 m (Figure 11 ). Because gas fluxes were significantly higher on 6 April 2010 than prior to the earthquake, and had returned to within one standard deviation of the preearthquake values by 12 May 2010, we disfavor response time scales longer than a few days, corresponding to hydraulic diffusivities greater than 10 −1 m 2 s −1 . The return of gas flux to the pre-earthquake values could be a result of (1) recovery of permeability or (2) depletion of the gas source region. Our data do not allow us to discriminate between these mechanisms. Because of the large uncertainty in hydraulic diffusivity, we cannot constrain the depth at which the response occurred.
[37] Lastly, we note that the mobilization of bubbles from an hypothetical bubble source region would deplete that region in bubbles, which might produce a period of lower than average gas discharge, depicted in Figure 12 , while the source region was recharged, an effect that would allow us to discriminate between this mechanism and a permeability enhancement mechanism.
Conclusions
[38] The measured gas flux at the Davis-Schrimpf mud volcanoes was higher two days after the 4 April 2010 El Mayor-Cucapah earthquake then either one month before or one month after the event. We interpret the observed increase in gas flux as a triggered change in activity. The triggered response is not unexpected based on magnitudedistance-triggering relationships (Figure 9 ). We considered two seemingly viable triggering mechanisms: bubble mobilization and permeability enhancement. Of these, the latter is more likely to be responsible for the observed response because (1) the time scale associated with the ascent of the small bubbles that would be mobilized by seismic shaking is too long and (2) the time scale associated with the response due to permeability enhancement is consistent with our observations. The rejection of the bubble mobilization mechanism is important because the strain at the Davis-Shrimp mud volcanoes during the El Mayor-Cucapah earthquake was large enough that this mechanism could conceivably have been important. We view the ineffectiveness of the bubble mobilization mechanism in this case study, where mud rheology and shear strain amplitude were favorable, as evidence for the rejection of this mechanism in general. The gas discharge had recovered to within one standard deviation of the pre-earthquake value by 12 May 2010, implying that permeability decreased or that the gas reservoir was depleted during the period of high gas discharge. It would be possible to discriminate between these mechanisms by measuring gas pressure at depth.
[39] Future large earthquakes will provide further opportunities to study mud volcano and hydrologic responses to earthquakes. There have been at least 13 large (M W > 6) Figure 12 . Two hypothetical gas hydrographs for the bubble mobilization mechanism (dashed curve) and permeability enhancement (solid curve) response mechanisms. The bubble mobilization mechanism may cause gas flux to fall below its pre-earthquake value due to depletion of the gas source region. earthquakes in the Imperial and Mexicali Valleys since 1852 [Anderson and Bodin, 1987] . Following the next large earthquake, we will make more frequent gas flux measurements and also sample gas with a high temporal frequency with the aim of constraining the source of excess gas or location of increased permeability. We may be able to use the shape of the gas hydrograph ( Figure 12 ) to further constrain the nature of the response mechanism. In this study, we measured only localized gas emission, but there is almost certainly diffuse gas emission from the SSGS and it would be most interesting to see whether it too responds to earthquakes.
